Introduction
The oxygen reduction reaction (ORR) plays an important role in various energy storage and conversion process, such as fuel cells and metal-air batteries.
1,2 Although platinum-based materials are the best ORR catalysts, 3,4 they suffer from slow reduction kinetics, high cost, low stability and the crossover effect, which are drawbacks for large-scale commercialization. Therefore, exploring non-precious metal (NPM) 5-10 and metal-free [11] [12] [13] [14] [15] catalysts with excellent ORR activity and high stability has been attracting extensive interest. Various nitrogen-doped carbons [16] [17] [18] [19] and carbon-supported transition metal oxides (Fe, Co, Mn) [20] [21] [22] [23] [24] have been reported, and these catalysts exhibited an obviously high ORR activity in alkaline media. Unfortunately, in acidic solution most of the nitrogen doped carbon materials had little electrocatalytic activity and lower stability due to the protonation of doped nitrogen active sites, 25, 26 and carbon-supported transition metal oxide catalysts could not be used in acidic media.
Recently, nitrogen doping and transitional metal-contained carbon materials, particularly, Fe (or Co)-N x /C have been recognized as the most promising NPM catalysts for ORR in both alkaline and acidic media. [27] [28] [29] [30] [31] It is found that Fe (or Co)-N x sites are attributed to the main active sites for ORR. Thus, various methods have being used to improve active sites density of M-N x /C materials. Traditionally, M-N x /C catalysts are prepared by the direct pyrolysis of the mixture of nitrogen precursor, transitional metal and carbon precursor. However this method frequently fails to control the contribution and density of transition metal-nitrogen active sites, leading to relatively poor catalytic performance.
32
Catalysts with mesoporous structure generally possess high surface area and large pore volume, which not only facilitate the exposure of active sites and benet the mass transport of intermediate species, but also lead to enhanced electron delivery due to the continuous framework structure. 20, 33 Mesoporous carbon catalysts prepared by template methods, e.g. mesoporous metal-nitrogen-doped carbons, 34 ordered mesoporous porphyrin-based carbon materials, 35, 36 and ordered mesoporous Fe-N carbons, 37 have been reported to enhance the electrocatalytic activity of ORR. Furthermore, hierarchically porous carbon materials co-doped with iron and nitrogen exhibited excellent performance for ORR.
38-40
Herein we report preparation of iron and nitrogen co-doped hierarchically mesoporous carbon spheres by using hierarchically mesoporous silica spheres as hard template, high nitrogen content monomer (2-aminopyridine) as carbon and nitrogen sources, and FeCl 3 as iron source. It is proved that both the Fe-N x active sites and porous structure are very helpful to ORR activity and the carbon spheres exhibited higher stability and better methanol tolerance in comparison to commercial Pt/C catalyst in both alkaline and acidic media.
Experimental

Synthesis of hierarchically mesoporous silica sphere template
Hierarchically mesoporous silica spheres (HMS) were synthesized following our previously reported method.
41 First, 0.55 g CTAB was dissolved in 25.0 mL of distilled water, and 3.0 g PAA (25%) was added under vigorous stirring at room temperature to obtain a clear solution. Then 2.0 g ammonia (25%) was added to the above solution under vigorous stirring. Aer 20 min stirring, 2.08 g tetraethoxysilane (TEOS) was added to the above solution and continued stirring for 15 min, the mixture was transferred into an autoclave, which was put into an oven of 100 C for 48 h. The nal product was centrifugated, washed with distilled water, and dried at 60 C. The organic templates were removed by calcination at 550 C for 6 h.
Synthesis of porous carbon spheres
In a typical synthesis of iron-nitrogen co-doped hierarchically mesoporous carbon spheres (denoted as Fe-N-CS-T, T: carbonization temperature), 1.2 g HMS template were stirred in toluene solution containing 1.43 g 2-aminopyridine, aer stirring for 10 min, 3.45 g ammonium persulphate and 0.82 g FeCl 3 $6H 2 O were added to above mixture solution and the resultant mixture were stirred for 12 h in an ice bath (0-10 C).
This led to polymerization of 2-aminopyridine, aer polymerization, the obtained mixture solution was centrifugated and the solid powder was dried at 120 C for 12 h, nally the brown solid powder precursors were obtained. Then the precursors were pyrolyzed at different temperature (700-1000 C) in a ow of high-purity N 2 atmosphere. Aer removal silica by HF (20 wt%) etching, Fe-N-CS-T samples were obtained. For comparison, Fe-free samples (N-CS-T) were obtained without adding FeCl 3 during the polymerization process.
Characterization
Field-emission scanning electron microscopy (FESEM; JEOL, JSM-7500F, 8 kV) was used to analyze the morphology of the prepared samples. Transmission electron microscopy (TEM) was performed on a Philips Tecnai F20 microscope, working at 200 kV. All samples subjected to TEM measurements were dispersed in ethanol ultrasonically and were dropped on copper grids. Raman spectra were examined with a LabRAM HR Raman spectrometer using laser excitation at 514.5 nm. Powder X-ray diffraction (XRD) patterns were recorded on a D/max-2500 diffractometer (Rigaku, Japan) using Cu Ka radiation (l ¼ 1.5406Å). XPS spectra were obtained with a Kratos Axis Ultra DLD spectrometer. Nitrogen adsorption and desorption isotherms were measured on a BELSORP-mini II sorption analyser at 77 K.
Electrochemical measurements
Electrochemical experiments were conducted at room temperature on a CHI660D electrochemical workstation. A threeelectrode system including a glassy carbon rotating disk electrode (RDE) coated with catalysts, a platinum wire auxiliary electrode and a KCl (3 M) Ag/AgCl reference electrode. For electrode preparation, 2 mg sample was dispersed in 1 mL of H 2 O by sonication for 30 min at least. Then 20 mL of the resulting homogeneous suspension was carefully dropped with pipette onto a rotation disk electrode (RDE), which was air-dried to allow solvent evaporation. Aer drying at room temperature, 3 mL of 5 wt% Naon solution was further dropped to form a protection layer against catalyst detaching from the electrode surface. 
Results and discussion
The procedure for synthesis of the Fe-N co-doped carbon spheres is illustrated in Scheme 1. A high nitrogen content monomer (2-aminopyridine) rst entered into the mesopores of silica spheres, and then in situ oxidation polymerization reaction was performed in the mesopores. The obtained precursors polymer within the mesopores of silica template (polymer/SiO 2 ) were dried and then pyrolyzed at different temperature (700-1000 C) under owing high-purity nitrogen atmosphere, the black power was obtained. Finally, the samples (Fe-N-CS-T) were obtained by removing silica templates. The morphology and structure of Fe-N-CS-900 were characterized by scanning electron microscopy (SEM) and transition electron microscopy (TEM). Fig. 1a and b showed Fe-N-CS-900 was composed of well-dened carbon spheres with rough surface, which successfully copied the morphology of mesoporous template (Fig. S1 †) . TEM ( Fig. 1c and d) indicated the carbon spheres were three-dimensional connected porous framework structure. These observations well reected the geometric characteristic of the original template, suggesting successful preparation of porous carbon spheres.
The porosity of Fe-N-CS-T was analyzed by N 2 adsorption isotherms (Fig. 2, S2 and Table S1 †). Fe-N-CS-900 exhibited a type IV isotherm with three adsorption steps at the relative pressure of 0.01-0.1, 0.20-0.70, and 0.80-0.95, respectively. The rst step corresponded to the micropores within the carbon matrix. The second adsorption gave rise to a pore size distribution at about 2-3 nm (Fig. 2b) , which was ascribed to the Scheme 1 Illustration of preparation of hierarchically mesoporous carbon spheres.
small disordered mesopores. The third adsorption step gave rise to a peak at about 25 nm in the pore size distribution curve, corresponding to larger mesopores (Fig. 2b) . Table S1 † showed that Fe-N-CS-900 exhibited highest specic surface area of 758 m 2 g À1 and large pore volume of 1.59 cm 3 g À1 . In order to investigate the formation of mesopores, the pyrolyzed sample (denoted Fe-N-CS/SiO 2 -900) without removal of the silica template was shown in Fig. 2a , nitrogen adsorption-desorption isotherms of Fe-N-CS/SiO 2 -900 showed it had little mesoporous structure. This results indicated that most of mesoporous structure of Fe-N-CS-900 was derived from the hierarchically mesoporous silica template. X-ray photoelectron spectroscopy (XPS) was performed to analyze the content and the chemical state for the surface doping elements in the samples (Fig. 3 and S3 †) . Fig. S3 † showed Fe-N-CS-900 had four kinds of elements, carbon, oxygen, nitrogen (4.53 wt%) and iron (0.83 wt%). N 1s spectrum of Fe-N-CS-900 catalyst (Fig. 3b) could be divided into four peaks at 398.4 eV, 400.0 eV, 401.0 eV and 403.4 eV, 42,43 which were assigned to pyridinic N (27.57%), pyrrolic N (26.39%), graphitic N (33.64%) and pyridinic N-O (12.41%). The graphitic N played a crucial role in oxygen reduction;
19 the pyridinic N and pyrrolic N could serve as metal-coordination sites 29, 38 and these three different nitrogen species were of high content in Fe-N-CS-900, which may lead to high ORR activity. The Fe 2p XPS spectrum of Fe-N-CS-900 (Fig. 3a) was deconvoluted into ve different peaks, indicating that iron species in the catalyst were complicated in terms of its metallic state. According to previous reports, 28,38 the Fe 2p peaks at 711.3 eV were ascribed to the nitrogen-coordinated metal, which were dominated iron species in Fe-N-CS-900 catalyst. In addition, elemental mapping (Fig. 4) imaging revealed that both iron and nitrogen species were homogeneous distributed in the mesoporous carbon spheres. The bright areas in Fig. 4b-d were likely due to differences in carbon thickness in the sample. 
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Although there was an amount of iron species in Fe-N-CS-900 sample. We hardly observed any metal nanoparticles in the carbon structure by TEM (Fig. 1d) . Power X-ray diffraction pattern (PXRD) further indicated the absence of the crystalline metal or metal oxide nanoparticles and showed only the partially graphitized carbon (Fig. S4 †) . The Raman spectrum (Fig. S5 †) showed a typical D-band at 1375 cm À1 and a G-band at 1590 cm À1 indicating co-existence of amorphous and graphitic structures. Cyclic voltammetry (CV) in N 2 and O 2 -saturated 0.1 M KOH solution was rst evaluated to examine ORR activity for Fe-N-CS-T catalysts. Fig. 5a showed that in N 2 -saturated KOH solution CV curve of Fe-N-CS-900 exhibited the featureless characteristic, indicating negligible redox reaction and inertness on the carbon surface. In contrast, when the electrolyte was saturated with O 2 , there is a sharp electrochemical reduction peak (peak potentials at À0.11 V), which was more positive than those of nitrogen-doped carbon spheres, 44, 45 suggesting the pronounced catalytic activity of Fe-N-C-900 catalyst for ORR in an alkaline solution. Fig. S6 † showed that the optimal temperature was 900 C, as revealed by the most positive peak potential and higher peak current density in the CV curves, probably due to an appropriate balance of surface area, active site density, and graphitization degree at this temperature (Table S1 , Fig. S4 and S5 †). Therefore, the prepared catalysts discussed below were all produced at 900 C unless otherwise specied.
To further assess the ORR catalytic activity of the prepared samples, electrocatalytic test were carried out using rotating ring electrodes (RDEs) in an alkaline solution. This was also compared with that of the benchmark commercial Pt/C catalyst (62 mg Pt per cm 2 ). Fig. 4b showed the typical linear sweep voltammograms (LSVs) at an electrode rotating speed of 1600 revolutions per minute (rpm) and a potential scanning rate of 5 mV s À1 . Remarkably, the ORR activity of Fe-N-CS-900 catalyst was close to commercial Pt/C catalyst in the whole testing potential region and the half-wave potential for Fe-N-CS-900 catalyst (À0.11 V) was even about 10 mV more positive than that of commercial Pt/C catalyst (À0.12 V). In addition, the limiting current density (À4.79 mA cm À2 at À0.5 V) of Fe-N-CS-900 catalyst was close to that of commercial Pt/C catalyst (À4.83 mA cm À2 at À0.5 V). These results suggested highly efficient ORR activity of Fe-N-CS-900 in alkaline media. Due to superior ORR activity of Fe-N-CS-900, its ORR kinetic process has also been investigated in alkaline media. As shown in Fig. 5c , the rotation-rate-dependent current-potential curves for Fe-N-CS-900 displayed current density increased with higher rotating speeds due to shortened diffusion distance at high rotating speed rate. 46 The kinetic parameters can be analyzed with the Koutecky-Levich equation:
where i is the measured current density, i k and i L are the kinetic and diffusion limiting current densities, respectively, u is rotation rate of the electrode, n is the electron transfer number, F is the Faraday constant, C is the bulk concentration of O 2 dissolved in the electrolyte (
, y is the kinematic viscosity of the electrolyte (1.0 Â 10 À2 cm À2 s À1 ), and k is the electron transfer rate constant. Koutecky-Levich plots for Fe-N-C-900 (Fig. 5d ) exhibited good parallel straight lines in the potential range from À0.3 V to À0.7 V, indicating that the ORR on the surface of Fe-N-CS-900 catalyst was a rst order reaction to dissolved oxygen concentration in these potential range. 24 The electron transfer number (n) (Fig. 5e) was calculated from the slopes of Koutecky-Levich plots to be about 4.0 at different potentials, which suggested nearly 4e À reduction process of oxygen. In Tafel plots (Fig. 5f ),
Fe-N-CS-900 had a Tafel slop of 84 mV per decade at low overpotentials, and that of Pt/C catalyst was 92 mV per decade. Their similar Tafel slops and close kinetic current densities suggested they had the similar reaction mechanism of ORR on the catalyst surface, which veried the superior ORR catalytic property of Fe-N-CS-900. The electrocatalytic stability and methanoltolerant property of Fe-N-CS-900 in alkaline media were investigated using the chronoamperometric method. The i/i 0 shown in Fig. 5g were based on chronoamperometric responses for the ORR on Fe-N-CS-900 catalyst and commercial Pt/C catalyst modied electrodes (Fig. S8a †) . It is clearly shown that the relative current densities of Fe-N-CS-900 retained 95.1% aer 20 000 s reaction; however, commercial Pt/C catalyst retained 89.4%. This result indicated that Fe-N-CS-900 had higher stability than commercial Pt/C catalyst. The methanoltolerance property also was investigated. As shown in Fig. 5h , when methanol were added to the electrolytes at 300 s, the current density of commercial Pt/C catalyst had sharp decrease, because its electrocatalytic activity towards methanol oxidation leaded to decrease of current density. In contrast, Fe-N-CS-900 catalyst had no signicant change, suggesting that Fe-N-CS-900 catalyst had better methanol tolerance than commercial Pt/C catalyst in alkaline media.
To further investigate ORR active sites, we prepared N-doping carbon spheres (N-CS-900) without doping iron element for comparison. Precious works reported two different models to describe the active sites in M-N/C catalyst for ORR. One is the M-N x species, 27, 29, 47 and the other is the doping N atoms in the carbon surface. [48] [49] [50] In our control experiment (Fig. 5b) , the halfwave potential of N-CS-900 was more negative than that of Fe-N-CS-900 in alkaline media, although N-CS-900 had a high N content (6.14%) than that of Fe-N-CS-900. Therefore the Fe-N x species would act as active sites in alkaline media.
The ORR catalytic behaviour has also been investigated in acidic media. ORR activities of Fe-N-CS-700, 800, 900 and 1000 were shown in Fig. S7 , † and Fe-N-CS-900 exhibited the best ORR activity with the most positive half-wave potential and the largest current density. Furthermore, Fig. 6a showed Fe-N-CS-900 had signicantly high ORR activity and it half-wave potential was only 80 mV negative than that of Pt/C catalyst; besides, the limiting current density of Fe-N-CS-900 was comparable to that of commercial Pt/C catalyst. The corresponding K-L plots for Fe-N-CS-900 also exhibited the good linearity and the electron transfer number was calculated to be around 4 at different potential range, meaning that Fe-N-CS-900 also catalysed a 4e À oxygen reduction process in 0.5 M H 2 SO 4 solution. The i/i 0 in Fig. 6e were based on chronoamperometric responses (Fig. S8b †) for the ORR on Fe-N-CS-900 catalyst and commercial Pt/C catalyst modied electrodes. It was shown that Fe-N-CS-900 exhibited higher stability for ORR than commercial Pt/C catalyst, as revealed by relatively lower attenuation rate of current density than Pt/C catalyst. Fig. 6f suggested that Fe-N-CS-900 catalyst had also better methanol tolerance than Pt/C catalyst in acidic media. It is noted that the N-CS-900 catalyst exhibited much lower ORR activity than that of Fe-N-CS-900 (Fig. 6a) , indicating again that the presence of iron played an important role to the N-doped carbon spheres for ORR in acidic media.
To conrm the signicance of hierarchically mesoporous structure on the ORR performance of NPM catalysts, we compared the ORR performance of Fe-N-CS/SiO 2 -900 with Fe-N-CS-900 in both alkaline and acidic media. The electrocatalytic study (Fig. 7) showed that Fe-N-CS/SiO 2 -900 catalyst had the lower ORR activity than that of Fe-N-CS-900 in both alkaline and acidic media. These results indicated that well-developed hierarchically mesoporous structure with high surface area could facilitate the exposure of active sites and benet the mass-transfer of the reactants and products, leading to higher catalytic activity.
Conclusions
In this work, we fabricated Fe and N co-doping hierarchically mesoporous carbon spheres by nanocasting method. The obtained catalyst (Fe-N-CS-900) had high surface area (758 m 2 g À1 ) and hierarchically mesoporous structure (2 nm, 25 nm). It is demonstrated that Fe-N-CS-900 exhibited high ORR performance in both alkaline and acidic media. We attributed highly efficient catalytic activity to the well-dened hierarchically mesoporous carbon structure with high surface area and homogeneous distribution of iron-nitrogen active sites. In addition, Fe-N-CS-900 also exhibited higher stability, better methanol tolerance and favoured efficient four electron transfer process in both alkaline and acidic media. The iron and nitrogen co-doped hierarchically mesoporous carbon spheres could have potential applications in PEMFCs and metal air batteries.
